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good candidate of magnetic material in LTCC. To achieve high dielectric permittivity, leadbased relaxor ferroelectric ceramics is a good choice as the ferroelectric phase in the composite ceramics owing to its high dielectric permittivity and low sintering temperature. In this chapter, we summarize the co-firing behavior, microstructure and electromagnetic properties of the composite ceramics for hyper-frequency. The material system is mainly focused on a composite ceramics composed of 0.8Pb(Ni 1/3 Nb 2/3 )O 3 -0.2PbTiO 3 (PNNT) and Ba 2 Zn 1.2 Cu 0.8 Fe 12 O 22 (BZCF), which has excellent co-firing behavior and good electromagnetic properties in hyper-frequency, and some other composite ceramics are also involved in some sections.
The co-firing behavior, phase composition and microstructure

The co-firing behavior and densification
Due to the different sintering temperatures and shrinkage rates of ferroelectric phase and ferromagnetic phase, remarkable co-firing mismatch often occurs and results in undesirable defects, such as cracks and cambers. As a result, the property of composite ceramics and the reliability of end products are damaged. Thanks to the existence of large amount of grain boundaries to dissipate stress, the composite ceramics with powder mixture have much better co-firing behavior than the multilayered composite ceramics. Although the mismatch of densification rate is alleviated to a larger extent, a good sintering compatibility between ferroelectric and ferromagnetic grains is still required for better co-firing match. The starting temperature of shrinkage and the point of maximum shrinkage rate are both important for the co-firing behavior of composite ceramics. Some research indicates that the composite ceramics exhibits an average sintering behavior between two phases and the shrinkage rate curve of composite ceramics is between those of two component phases (Qi et al., 2008) . Y-type hexagonal ferrite has a lower sintering temperature of 1000~1100 o C, which is similar to that of lead-based ferroelectric ceramics. For example, in PNNT-BZCF composite material, BZCF has a sintering temperature of 1050 o C, same as that of PNNT. Hence, the composite system has good co-firing behavior for each composition (Bai et al., 2007) . After sintered at 1050 o C, all the samples exhibit a high density, above 95% of theoretical density. ceramics. Since the density of a composite material is the weighted average of those of constituent phases, it increases linearly with the rise of weight fraction of ferroelectric phase. Similar relationship is obtained in other composite materials & Shen et al., 2005 .
The element diffusion
The element diffusion always occurs between two phases during the sintering process at high temperature. The thickness of diffusion layer and element distribution influence microstructure and properties of composite ceramics. The diffusion coefficient is determined by the ion's radius and charge. The element diffusion can influence the microstructure and electromagnetic properties of composite ceramics. For example, the grains at the interface of two phases may grow abnormally large. To alleviate the element diffusion, lowering the sintering temperature is a feasible solution.
Phase composition crystal structure
During the co-firing process, chemical reactions may take place at the interface of two phases and produce some new phases, which affect the properties of co-fired composite ceramics. For example, pyrochlore phase is often formed in the composite ceramics with lead-based ferroelectric ceramics due to Pb volatilization. Fig. 3 shows a X-ray diffraction (XRD) spectrum of the composite ceramics of 40wt%PbMg 1/3 Nb 2/3 O 3 -60wt%NiCuZn ferrite, which clearly shows the existence of pyrochlore phase. If the sintering temperature is lowered below 1000 o C, the volatilization of Pb can be largely reduced, so does the formation of pyrochlore phase. Fig. 3 . XRD spectrum of the composite ceramics of 40wt%PbMg 1/3 Nb 2/3 O 3 -60wt%NiCuZn ferrite Fig. 4 compares the XRD spectra of PNNT-BZCF composite ceramics before and after sintering process. According to the XRD spectra, no other phase is found after co-firing process, i.e. no obvious chemical reaction takes place between PNNT and BZCF during the sintering process of 1050 o C. It is clear that only perovskite phase can be detected in the XRD spectra of samples either before or after co-firing process, if the weight fraction of PNNT is higher than or equals to 0.8. It is because that the crystal structure of Y-type hexagonal ferrite is more complex than the perovskite structure of ferroelectric phase, which results in a much lower electron density. In addition, for the sample with same volume fraction of PNNT and BZCF, the XRD intensity of perovskite phase is much stronger than that of BZCF due to the same reason. With the rise of BZCF amount, the intensities of its diffraction peaks gradually enhance. Up to the weight fraction of ferroelectric phase is as low as x=0.1, the XRD peaks of perovskite phase are still obvious in the XRD spectrum.
The crystal morphology and orientation may be changed due to the different densification characters of two phases in the co-firing process (Bai et al., 2009) . It is noticed from Fig. 4 that the relative intensity of the diffraction peaks of Y-type hexagonal ferrite changes after the co-firing process. For the green samples, the primary diffraction peak of BZCF is at 30.4 o corresponding to (110) plane, which is same as the pure Y-type hexagonal ferrite; while the primary peak is at 32 o corresponding to (1013) plane for the sintered samples, which is the secondary peak of pure Y-type hexagonal ferrite. This variation of XRD intensities of Y-type hexagonal ferrite after co-firing process is well indexed by comparing the sintered samples of x=0 and x=0.1 in Fig. 5 . The change reflects a lattice distortion induced by the internal stress. 
Microstructure
When the sintering temperatures of two constituent phases are greatly different, the cofiring mismatch will result in various defects in the microstructure of co-fired composite ceramics. If two phases have similar sintering temperature, the co-firing mismatch will be slight. In backscattered electron image, the grains of PNNT and BZCF respectively appear white and gray due to the difference of molecular weights of the elements in them. The sintered samples exhibit dense microstructures for each composition and the grains of PNNT and BZCF distribute homogeneously. It indicates that this composite system has a fine co-firing behavior over a wide composition range, which thanks to the same sintering temperature of PNNT and BZCF. The average size of ferroelectric or ferrite grains decreases with the rise of corresponding phase amount. For example, as BZCF content is low, few ferrite grains are besieged by large amount of PNNT grains. It becomes difficult for small ferrite grains to merge with the neighboring likes. With the increase of ferrite's content, the chance of amalgamation of small grains rises, and then grains grow larger. The thing is same for PNNT grains. From the SEM images, it is noticed that the grain morphology of ferrite changes obviously with composition. In the sample of pure Y-type hexagonal ferrite (x=0), the grains are platelike and many of them are of hexagonal shape [Fig. 6 (a) ]. In the co-fired ceramics [Fig. 6(b) - (f)], the planar grains of hexagonal ferrite become equiaxed crystals just as those ferroelectric grains. During the co-firing process, the grain growth of two constituent phases is affected each other. Because equiaxed crystal is more favorable for a compact-stack microstructure than planar crystal, the surrounding equiaxed grains of PNNT modulate the grain growth of BZCF particles and assimilate their grain shape into equiaxed crystal during the co-firing process. It is well known that the internal stress is unavoidable in the co-fired ceramics. In BZCF-PNNT composite ceramics, the compact-stacked grains and the change of BZCF's grain morphology suggest the existence of internal stress and lattice distortion, which are also reflected in XRD spectra as discussed in prior section.
The static electromagnetic properties
The ferroelectric hysteresis loop
For the ferroelectric-ferromagnetic composite ceramics, the ferroelectric or ferromagnetic character is determined by the corresponding phase, while the magnetoelectric effect is always weak. To examine the ferroelectricity of composite ceramics, the ferroelectric polarization-electric field (P-E) hysteresis loop is the most important character. For PNNT-BZCF composite ceramics, the P-E hysteresis loops are observed over the whole composition range (Fig. 7) , which implies the ferroelectric nature of composite ceramics. The maximum polarization P max decreases with the reduction of ferroelectric phase due to dilution effect, which indicates that the ferroelectricity of composite ceramics originates from the nature of ferroelectric phase. It is also noted that the shape of P-E loop varies with composition. The sample with high PNNT amount (x>0.8) has fine and slim hysteresis loop, while the sample with relative less ferroelectric phase has an open-mouth-shaped P-E loop. It is because that the ferrite has much lower electric resistivity of about 10 6 Ω cm than that of ferroelectric ceramics (above 10 11 Ω cm). In the ferroelectric-ferromagnetic composite ceramics, the ferrite grains serve as a conductive phase in the electric measurement, especially under a high electric field. If the ferrite content is low, the small ferrite grains are besieged by the ferroelectric grains with high resistivity and there is no conductive route in the microstructure. As a result, the composite ceramics has high resistivity and low leak current. With the rise of ferrite amount, the percolation occurs in the composite system and the resistivity drops remarkably & Bai et al., 2007 . The large leak current results in an open-mouth-shaped P-E loop.
www.intechopen.com 
The ferromagnetic hysteresis loop
The magnetic hysteresis loop is the best experimental proof for the ferromagnetic nature of materials. Up to now, none of ferroelectric ceramics exhibits ferromagnetic character at room temperature, so the ferromagnetic behaviors of composite ceramics are dominated by the ferrite phase. For the application in high frequency, soft magnetic material is needed for the composite materials. The magnetic hysteresis loops of PNNT-BZCF composite ceramics is plotted in Fig. 8 . The ferromagnetic characters of composite ceramics are only inherited from those of the magnetic phase of Y-type hexagonal ferrite, so all the samples exhibit soft magnetic character with low coercive force H c and low remnant magnetization M r . The coexistence of magnetic hysteresis loop and P-E loop implies that the PNNT-BZCF composite ceramics have both ferromagnetic and ferroelectric properties at room temperature, which also confirms the possibility to achieve both high permittivity and permeability. Fig. 9 shows the composition dependence of M s , M r and H c for PNNT-BZCF composite ceramics before and after sintering process. For the green sample before sintering, M s and M r both decrease monotonously with the reduction of BZCF amount, while H c keeps a constant. The magnetic properties of green samples are dominated by the nature of individual magnetic particles and there is little interaction between constituent phases due to loose microstructure. The linear decrease of M s and M r is only a result of dilution effect. The small ferrite particles and lots of defects in microstructure endow the green samples a relatively high H c , which is insensitive to the variation of composition. After the sintering process, M s decreases monotonously with the reduction of ferrite amount if the mechanical interaction between two constituent phases is weak. For example, M s varies near linearly with the ferrite content in BaTiO 3 -NiCuZn ferrite or PMNZT-NiCuZn ferrite composite ceramics, where ferroelectric phase and ferrite phases are both of equiaxial grains and little internal stress is produced after co-firing process .
If the microstructure varies notable after co-firing process, the magnetic properties of composite ceramics will be affected (Bai et al., 2009) . With the reduction of BZCF amount in PNNT-BZCF composite materials, M s , M r and H c of the sintered samples increase first, reach a maximum at x=0.3, and then decrease (Fig. 9) . The enhancement of M s in the range of 0.1<x<0.3 originates from the internal stress produced in the co-firing process. It is reported that the structural distortion can generate spontaneous magnetization in several composite materials (Kanai et al., 2001 & Kumar et al., 1998 . In PNNT-BZCF composite ceramics, the enhancement of M s in the range of 0.1<x<0.3 is also thought as a result of the internal stress induced structural distortion, which has been detected by XRD spectra and SEM images. A more notable enhancement of M r and H c is observed in the range of 0.1<x<0.3, because M r and H c are more sensitive to the microstructure. The stress on ferrite grains increases the resistance of domain wall's motion and spin rotation, so the magnetization reversal under external magnetic field becomes more difficult, which is reflected as the increase of M r and H c . When ferrite's amount decreases further, the dilution effect dominates the magnetic properties of composite ceramics, and then M s , M r and H c decline monotonically. 
Permittivity
Owing to the polarization of dipolar, ferroelectric ceramics always have significant permittivity higher than several thousands, while the permittivity of ferrite may be as low as ~20. The dielectric mechanism of ferrite is associated with the conduction mechanism, which is attributed to the easy electron transfer between Fe 2+ and Fe 3+ . Although some ferrite containing large amount of Fe 2+ ions has high permittivity of several thousands, such as MnZn ferrite, the low electric resistivity limits its application in high frequency. When the sintering temperature is lower than 1100 o C or the sample is sintered under high partial pressure of oxygen, the sample has high resistivity and low permittivity of ~20, which is suitable for the application in high frequency.
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The permittivity of two-phased composite material is always between those of two constituent phases and controlled by their relative volume fractions. Since the permittivity of ferroelectric ceramics is much higher than that of ferrite, the composite ceramics with more ferroelectric phase have higher permittivity. Fig. 10 shows the frequency dispersion of permittivity of PNNT-BZCF composite ceramics. The permittivity increases monotonically with the rise of PNNT amount. For example, the permittivity increases from 30 to 6600 (@ 10MHz) when the weight fraction of PNNT rises from 0.1 to 0.8.
Permeability
The permeability of nonmagnetic ferroelectric ceramics is always one, while the soft magnetic ferrites have high permeability. Due to the inverse proportion of permeability and cut-off frequency, the permeability turns lower in higher frequency range, which is associated with the magnetic structure of material. For example, the permeability of NiZn and MnZn spinel ferrites is higher than several thousands below MHz frequency range, but it turns very low above MHz, that is attributed to their cubic structure. The hexagonal ferrites, especially Y-type hexagonal ferrite, have planar magnetocrystalline anisotropy, which endows them high permeability above 100MHz. Because the ferrite has much higher permeability than ferroelectric ceramics, the permeability of composite ceramics increases with the rise of ferrite's amount (Fig. 11) . 
The theoretical prediction
The effective macroscopic electromagnetic properties of a composite material are determined by the intrinsic characters of constituent phases and their relative volume fractions, so some mixture theories and equations have been established based on an equivalent dipole representation to predict the electromagnetic properties of a composite material. In this section, three most popular mixture theories are introduced, including mixture law, Maxwell-Garnett equations (containing MGa, MGb) and Bruggeman effective medium theory (EMT). The mixture law is the simplest mixture theory to predict the properties of a composite material. According to the structure type of a composite material, the mixture law has different forms, such as parallel connection model and series connection model. For the composite material with powder mixture, the mixture law has a form as
where Ψ * , Ψ a and Ψ b are the effective dielectric permittivity or magnetic permeability of composite material and two constituent phases. The a f and b f refer to the volume fraction of two phases and a f + b f =1. Further, some mixture theories are developed based on an equivalent dipole representation of the mixture, where the effective macroscopic electromagnetic properties of composite material are modeled as the intrinsic dipole moments per unit volume of each constituent phase and the relative volume fraction. It is assume that the isolated particles of constituent phases are embedded in a matrix host. The electric and magnetic intrinsic dipole moments of component phases, as well those of matrix host, are used to calculate the effective macroscopic properties of composite material. In static (or quasistatic) regime, a general form of the mixture equation was established based on the assumption that the components of isolated particles are embedded in a contiguous host medium (Aspnes, 1982 
where Ψ h is the effective permittivity or permeability of the host medium. If the host material is chosen as either phase a or b, Maxwell-Garnett mixture equations, including MGa and MGb equations, are obtained (Maxwell Garnett, 1904 & 1906 . If phase a is chosen as the host material, Equation (2) 
Different values of Ψ * can be calculated using MGa and MGb equations for a composite material with a given volume fraction of particles. It is because the properties of matrix host are dominated until the volume fraction of isolated particle closely approaches unity. This expression works fairly well provided the inclusions make up a small fraction of the total volume. However, the Maxwell-Garnett model omits the variation of microstructure, so the imbedded phase never percolates even when the matrix has obviously inverted.
To characterize the microstructural inversion, Bruggeman effective medium theory is formed (Bruggeman, 1935) , where the host material is chosen as the mixture itself (Ψ * =Ψ h ), and then Equation (2) 
Bruggeman effective medium theory assumes that component a and b are both embedded in the effective medium itself and are not treated as contiguous constituents, so it can predict percolation of either phase when its volume fraction is over 1/3. Its predictions exhibit a significant improvement compared with MG equations. This formalism has more applicability for composites formed by the constituents with similar mechanical properties. In this section, component a and b are chosen as ferroelectric ceramics and ferrite, respectively. To exclude the influence of frequency dispersion, the experimental data of permittivity or permeability are accessed in region where the value is steady within a wide frequency range. The theoretical predicted permeability and experimental data of PNNT-BZCF composite ceramics are shown in Fig. 13 . The prediction by MGa equation fits the experimental data well over the whole range of compositions, while those of other equations are higher than the measured data. To further check the applicability of these mixture theories for permeability, the composite ceramics of PNNT-NiCuZn ferrite is discussed, where NiCuZn ferrite has a high permeability of ~950 (Shen et al., 2005) . The mixture equation based on a single simple model of microstructure may be inadequate to predict the effective macroscopic dielectric or magnetic properties over the whole composition range, so more complex equations with two or more models will be used to achieve wider applicability and more precise prediction.
The electromagnetic resonance character in hyper-frequency
The dielectric resonance
The frequency dispersion character is as important as the values of permittivity and permeability for the application in high frequency range. Different dispersion characters are needed by different applications. For example, capacitor or inductor requires a stable permittivity or permeability and low loss in a certain frequency range, so the resonance limits its working frequency range; while filter or EMI component needs high loss around the dielectric or magnetic resonance frequency. In a composite material, the frequency dispersion is determined by the intrinsic properties of constituent phases and affected by the interaction between them. The frequency dispersion of real part and imaginary part of permittivity of PNNT-BZCF composite ceramics is shown in Fig. 15 (a) and (b). A strong dielectric resonance peak is observed above 100MHz, which originates from the dipole's vibration (Bai et al., 2006) or the followed piezoelectric vibration (Ciomaga et al., 2010) . The resonance frequency increases with the reduction of PNNT amount and shifts out of the upper limit of measurement when the weight fraction of PNNT is lower than 0.4 (Fig. 16 ). In addition, the resonance peak turns flatter with the reduction of PNNT amount, which is characterized as the variation of half peak breadth in Fig. 17 . The change of the shape of resonance peak implies that the dielectric response tends to transform from resonance to relaxation. In addition to the intrinsic properties of constituent phases, the electromagnetic interaction between ferroelectric and ferromagnetic phases influences the frequency and shape of resonance peak. The charged particles in ferroelectric phase vibrate under the force of external electric field. When the frequency of alternating electric field matches the nature frequency of the charged particles' vibration, dielectric resonance occurs. In the ferroelectricferromagnetic composite material, the spatial inhomogeneous electromagnetic field around ferrite grains will disturb the charged particles' motion in ferroelectric phase and change www.intechopen.com Ferroelectrics 202 their nature frequency. The equivalent damping for the charged particles' motion increases with the enhancement of magnetic phase, so the dielectric response changes from resonance to relaxation gradually. Since the macroscopic frequency spectra of permittivity reflects the statistical average effect of microscale charged particles, the resonance peak turns flatter and shifts to higher frequency with the rise of ferrite amount. The electromagnetic interaction between two phases is affected by the permeability of magnetic phase. Fig. 17 (a) behavior of permittivity except for the distinctly different resonance characters. The dielectric resonance peak of PNNT-BCCF composite ceramics is narrow and sharp, while that of PNNT-BZCF composite ceramics is much wider and smoother. The comparison of half peak breadth shows the contrast in Fig. 17 . The induced magnetic field around ferrite particles is enhanced with the permeability of ferrite, but the variation of electromagnetic environment is not strong enough to change the value of permittivity within low frequency range and can only vary the resonance character, which is sensitive to surrounding condition. 
The magnetic resonance
The frequency dispersion of permeability of ferroelectric-ferromagnetic composite ceramics is determined by the nature of magnetic phase. In the frequency spectra of a soft magnetic ferrite, there will be some kinds of resonances, such as magnetic domain wall resonance and spin resonance. As shown in Fig. 19 , there are two resonance peaks in the frequency spectra of permeability, where the low-frequency peak originates from the domain wall resonance and the high-frequency peak results from the spin resonance (Bai et al., 2004) . The permeability can be divided into two parts according to the contributions of domain wall motion and spin rotation, μ total = μ domain + μ spin , as shown in Fig. 19 .
For the composite ceramics with high ferrite fraction, there are still two resonance peaks in the frequency spectra (Fig. 19) . With the reduction of BZCF amount, the permeability decreases, and the resonance peaks turn flatter and weaker gradually on account of dilution effect. The frequency dispersion of composite ceramics' permeability is influenced by the microstructure, such as internal stress. For the samples with large BZCF amount (x<0.3), two resonance peaks appear in the frequency spectra of permeability. Spin rotation is much sensitive to the internal stress on magnetic particles, so the spin resonance peak disappears when x>0.2. In contrast, the domain wall resonance peak exists up to x=0.7.
Summary
With the rapid development of electronic products, the multi-functional ferroelectricferromagnetic composite materials are great desired by various novel electronic components and devices. Then various composite systems and preparation methods were widely investigated and encouraging progresses have been made. To avoid co-firing mismatch and achieve a fine microstructure, the materials with similar densification behavior are desired as the constituent phases in the composite ceramics. And low sintering temperature is needed not only by the technical requirement of LTCC but also to avoid the element diffusion, volatilization and formation of other phase. To keep up with the trend towards higher frequency for electronic technology, the composite materials with both high permittivity and permeability in hyper frequency is developed in recent years. The co-fired composite ceramics of 0. and ferroelectric properties over a wide composition range, and it has both high permittivity and high permeability in hyper-frequency, which can be tuned by the relative fraction of phases.
In the development of novel composite materials, the prediction of effective electromagnetic properties is greatly needed for material design. In this chapter three popular mixture theories, mixture law, Maxwell-Garnett equations and Bruggeman effective medium theory, have been introduced. In most cases, these theories can give a rough prediction for permittivity and permeability, or provides upper and lower limits, while the predictions departs from the experimental data great in some conditions. Hence, more complex equations with two or more models are being investigated.
